We have developed procedures for the fabrication of Er-Ni and Pr-Pt liquid alloy ion sources ͑LAIS͒. Er 2ϩ beam with target current of ϳ100 pA and Pr 2ϩ beams with target current of ϳ200 pA were obtained, which correspond to 50% and 80% of the total target current, respectively. Both Er-Ni and Pr-Pt alloys oxidize quickly once exposed to air. Er-Ni source lifetimes were generally larger than 200 A h. The source lifetimes of Pr-Pt LAISs were approximately 30 A h, limited by oxide contamination and wettability problems. Visible photoluminescence has been observed from Er-or Pr-doped GaN, Al 2 O 3 , and ZBLAN glass using focused ion beam direct write implantation.
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) and the thermal quenching effect. 4 The thermal quenching effect could be reduced in wide band gap semiconductor ͑WBGS͒ materials. 5 Recently visible and/or infrared emission has been obtained from a variety of erbium doped WBGS materials, such as SiC, 6 GaAs, 7 InP, 8 and GaN. 9 Among them, GaN has drawn the most attention. In addition to the commonly observed infrared emission, visible photoluminescence ͑PL͒, electroluminescence ͑EL͒, or cathodoluminescence ͑CL͒ have been obtained from Pr, 10, 11 Eu, 12 Dy, 13 Er, [13] [14] [15] and Tm 16 doped GaN. Rare earth elements were added during growth or by ion implantation. Waveguides, lasers, and light-emitting diodes ͑LEDs͒ have been fabricated using traditional lithography techniques. An alternative method of fabricating the optoelectronic devices and future optoelectronic integrated circuits ͑OEIC͒ is using focused ion beam ͑FIB͒ implantation and/or micromilling. FIB technology is now well established and has found widespread application in the semiconductor industry, where FIBs are used for failure analysis, transmission electron microscopy specimen preparation, circuit, and mask modification. FIB micro and nanofabrication can be utilized to reduce the complexity required in conventional OEIC fabrication technology ͑in particular, lithography, etching, and implantation͒, which has to satisfy various requirements for different components fabricated on the same substrate. 17 The success of FIB technology is due to the invention of liquid metal ion sources ͑LMIS͒. 18 A LMIS can be made in needle or capillary form. The liquid metal is drawn into a Taylor cone where ion emission is formed. 19 A modern FIB system with a LMIS can produce a focused beam with a target current of 50-100 pA and a scanning resolution of 20-50 nm. 18 Almost any metallic element can be made into the form of LMIS or liquid alloy ion sources ͑LAIS͒. In the latter case, binary or even ternary alloy may be used. The liquid metal or liquid alloy should have low vapor pressure and good wettability with the substrate. 20 Er has a high melting point ͑1529°C͒ and a high vapor pressure at its melting point ͑Ϸ1 Torr͒. Pr also has a high melting point ͑931°C͒, but with a lower vapor pressure at its melting point (Ϸ5 ϫ10 Ϫ7 Torr͒. 21 These properties make them unsuitable for elemental LMIS. Instead, they must be made in the form of an alloy source by combining with another material in order to lower the melting point and, hopefully, the vapor pressure. The melting points of attractive binary alloy candidates with the atomic percentage ratios shown in the parenthesis are Er͑69͒:Ni͑31͒ at 765°C, Pr͑87͒:Pt͑13͒ at 718°C, and Pr͑78͒:Ag͑22͒ at 586°C.
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II. LAIS FABRICATION
The alloys are made by mixing erbium ͑3N͒, nickel ͑3N͒, praseodymium ͑3N͒, platinum ͑3N͒, and silver ͑3N͒ powders at the appropriate ratios. The mixed powder is then put in a molybdenum crucible in a separate vacuum system. The ion source is made by using a 250 m diameter tungsten wire. The wire is twisted around a 0.125 in. outer diameter Al 2 O 3 tube in order to be fitted into the ion gun module of a NanoFab 150 FIB system. The tip is mechanically polished and then electrochemically etched in a NaOH solution until the end radius is approximately 10 m. After the alloy reaches its molten state, the tip is dipped into the crucible for two minutes. The source is then tested in situ by applying approa͒ Electronic mail: a.steckl@uc.edu priate voltage and heating current to the source. A detailed description of the fabrication process can be found in Ref. 23 . Figure 1 shows the mass spectrum of the target current from an Er-Ni LAIS. The total ion emission current is 15 A and the source heating current is 6.5 A. Figure 1 indicates that doubly charged erbium ions (Er 2ϩ ) represent the single largest component of the beam ͑95 pA͒, producing approximately 50% of the total target current which was 190 pA. The source oxidizes quickly once exposed to air. This must be minimized to maintain source lifetime and stability. The average lifetime of Er-Ni LAIS is generally larger than 200 A h. In Fig. 1 , one can also find that the ion beam components associated with the two main nickel isotopes Ni 58 and Ni 60 can be distinguished. Their respective ion currents are present in the same ratio as their natural abundance ͑ϳ2.5͒. 23 The mass spectrum of the target current of a Pr-Pt LAIS is shown in Fig. 2 . The total ion emission current is 15 A and the source heating current is 5.5 A. Pr 2ϩ represents the single largest component of the beam ͑200 pA͒, producing approximately 80% of the total target current which is 250 pA. The average Pr-Pt LAIS lifetime when tested in situ was larger than 60 A h. After the Pr-Pt sources were transferred to the FIB system, the lifetime averaged only ϳ30 A h. Figure 3 shows a scanning electron microscopy ͑SEM͒ micrograph of the shank of a Pr-Pt LAIS after its emission quenches. One can notice the discontinuity of the alloy between the reservoir and the tip, which leads to a reduced source lifetime. Elemental Pr LMISs were also fabricated, but we were not able to extract an ion current. This may be due to the source heating capability of our current system which is limited to 10 A. Another attractive Pr alloy source candidate is Pr-Ag which has a much lower melting point of 586°C. Figure 4 shows the mass spectrum of a Pr-Ag LAIS. The total emission current is 15 A and the source heater current is 4.5 A. For this alloy, Pr 2ϩ still represents the single largest component of the beam ͑140 pA͒, producing approximately 70% of the total target current which is 200 pA. The source lifetimes of Pr-Ag LAISs were generally less than 10 A h. Extreme care must be practiced to keep the temperature of the Pr-Ag alloy just above its melting point but still below its boiling point. This leads to a high vapor pressure problem which hinders its practical use. The Pr-Ag LAIS has a similar alloy discontinuity problem. Both Pr-Pt and Pr-Ag alloy oxidize quickly once exposed to air.
III. RESULTS
IV. FIB IMPLANTATION OF Pr AND Er
The implantation was performed in the same FIB system. Pr 2ϩ and Er 2ϩ beams were accelerated to high energy and implantation was carried out at room temperature on GaN, Al 2 Figure 5 shows a Pr-implanted GaN film grown on sapphire by molecular beam epitaxy ͑MBE͒. 11 The implanted pattern is a 141 mϫ141 m square. The implantation energy and dose were 290 keV and 4.7ϫ10 14 atoms/cm 2 , respectively. After FIB implantation, the sample was annealed at 1050°C in Ar for 1 h. Figure 5 shows that when the implanted pattern is under ultraviolet excitation ͑He-Cd laser at 325 nm͒, it ''glows'' with a red color. The main photoemission occurs at a wavelength of 650 nm, with a very narrow FWHM ϳ1.2 nm. This emission is due to the 3 P 0 → 3 F 2 inner shell transition of Pr 3ϩ ions in the GaN film.
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Er implantation was performed on GaN, Al 2 O 3 , and ZBLAN. After FIB implantation, only the GaN samples were annealed at 1100°C for 1 h in oxygen. Under simultaneous red ͑840 nm͒ and infrared ͑1.0 m͒ laser excitation, strong green upconversion was observed at 523 and 546
nm.
24 Figure 6 shows the green upconversion from a GaN:Er sample. The implanted pattern is a 51 mϫ51 m square. The implantation energy and dose were 200 keV and 1.4 ϫ10 15 atoms/cm 2 , respectively. Figure 7 compares the green upconversion intensity from the GaN samples to that from the ZBLAN and sapphire. The two main peaks at 525-528 and 545-550 nm are due to electron transitions from the 2 H 11/2 and 2 S 3/2 4 f levels of the Er 3ϩ ions in the samples. ZBLAN shows the strongest upconversion intensity, which is 40 times higher than that from GaN. The green emission from sapphire is the weakest, but it can be improved by postimplantation annealing. 25 The relative intensity between the 2 H 11/2 and the 4 S 3/2 emission is not the same in all three samples. A possible explanation is related to phonon energy in the three materials: ZBLAN ϳ72 meV, 26 GaN ϳ91 meV, 27 and Al 2 O 3 ϳ108 meV. 28 The difference between the two 4 f levels is ϳ87 meV. In a material with high phonon energy, electrons are more likely to decay nonradiatively with the assistance of phonons from 2 H 11/2 to 4 S 3/2 . This makes the 4 S 3/2 level in GaN and Al 2 O 3 highly populated and thus gives a higher intensity at 550 nm.
Interesting applications of Er upconversion include displays and optical memory. 29 Figure 8 shows Er lines patterned by FIB direct write on GaN. The lines are 1 m wide by 30 m long. The implantation energy and dose were 200 keV and 1.5ϫ10 15 atoms/cm 2 , respectively. The picture was taken under an optical microscope before any postimplantation annealing. The Er lines are brighter than the background due to change of index of refraction caused by the FIB implantation. Currently the linewidth is limited by source drift, which can be reduced by improving the Er-Ni source stability. Ultimately, the minimum linewidth obtained will be limited by the spread of erbium isotopes.
V. SUMMARY
We have fabricated rare earth Er-Ni and Pr-Pt LAISs. Er 2ϩ and Pr 2ϩ beams with target current of 100 and 200 pA, respectively, were obtained. FIB implantation of Pr and/or Er were performed on GaN, Al 2 O 3 , and ZBLAN. Room temperature photoluminescence and upconversion were obtained. 1-m-wide Er lines have been demonstrated on GaN films by FIB direct write.
